ABSTRACT.-Variation at 21 allozyme loci and 10 restriction enzymes within the mitochondrial DNA control region was assessed among 3 allopatric populations of montane vole (Microtus montanus) in the American Southwest. Among populations of M. montanus, the population from the White Mountains, Arizona, was most genetically divergent. Genetic and biogeographic evidence supported recognition of the White Mountains population as a distinct subspecies, M. m. arizonensis. Results also supported recognition of the Mogollon vole (Microtus mogollonensis) as distinct from the Mexican vole (Microtus mexicanus).
The montane vole (Microtus montanus) is widely distributed throughout western North America, where it generally inhabits moist, grassy situations within coniferous forest zones (Anderson 1959 , Hall 1981 . Microtus montanus reaches its southern range limits in the southwestern USA where it has a disjunct distribution in isolated mountain ranges (Fig. 1) . A large and relatively continuous distribution occurs throughout the southern Rocky Mountains in Colorado (Armstrong 1972) . This population extends southward into the San Juan Range of the southern Rocky Mountains in northern New Mexico (Findley et al. 1975) . Southward, the species occurs in 2 isolated mountain ranges including the Jemez Mountains in north central New Mexico and the White Mountains in east central Arizona and adjacent areas in west central New Mexico (Findley et al. 1975 , Hubbard et al. 1983 , Hoffmeister 1986 , Frey et al. 1995 , Frey 2005 .
Voles are difficult to identify based on morphological features, and erroneous records of M. montanus have been reported in the American Southwest. Microtus montanus does not occur in northeastern New Mexico or southwestern Colorado as originally reported by Dalquest (1975) and Mellott and Choate (1984) , and subsequently by (Hall 1981) . Several authors have corrected these misidentifications (e.g., Hubbard et al. 1983 , Finley et al. 1986 , Mellott et al. 1987 , Frey 2004 ), yet the erroneous records continue to be reported (e.g., Hoffmann and Koeppl 1985, Sera and Early 2003) . A specimen of M. montanus was reported from the Zuni Mountains in western New Mexico (Bailey 1900 , 1931 , Hall and Cockrum 1953 , Hall and Kelson 1959 . However, Anderson (1954) (Bailey 1931, Hall and Cockrum 1953 (Anderson 1959 , Armstrong 1972 , Hall 1981 , Sera and Early 2003 , Frey 2004 . Genetic characteristics of southwestern populations of M. montanus are poorly known and have not been taxonomically informative. No chromosomal variation was found in G-bands and nucleolus organizer regions in specimens from the White and Jemez mountains (Judd et al. 1980 ). Moore and Janecek (1990) found no allozyme variation at 25 presumptive loci for 6 specimens of M. montanus from the Jemez Mountains. Thus, the purpose of this study was to describe genetic characteristics of southwestern populations of M. montanus and to assess current subspecies taxonomy of these populations.
METHODS
The analysis of allozyme variation included a total of 54 M. montanus collected from the White Mountains in Arizona, Jemez Mountains in New Mexico, and San Juan Range of the Southern Rocky Mountains in Colorado (see Appendix for specimens examined). Specimens of the M. mexicanus species group, which also occurs in montane habitats in the American Southwest, were utilized for comparisons. Dental and allozyme data have indicated a close relationship among these species (Chaline 1980, Moore and Janecek 1990 ; but see Conroy and Cook 2000 for a contrasting view based on mitochondrial cytochrome b gene sequences). Frey and LaRue (1993) and Frey et al. (2002) regarded specimens in the M. mexicanus group from the USA as specifically distinct from those in Mexico, with those from the USA referred to as the Mogollon vole, M. mogollonensis, and those from Mexico referred to as the Mexican vole, M. mexicanus. Thus, specimens of both M. mogollonensis and M. mexicanus were included for comparisons.
Heart, liver, and kidney tissue samples were taken from each animal and frozen in liquid nitrogen. Tissues were maintained at -80 °C until analyzed by horizontal starch-gel electrophoresis. Tissues were homogenized (heart and kidney processed together) and applied to 11% starch gels. Procedures, buffer types, and biochemical stains follow a modification of Selander et al. (1971) , Harris and Hopkinson (1976) , and Murphy et al. (1990) . In multiplelocus systems, the isozyme migrating most anodally was designated as "1" while peptidase loci were designated for their substrate. Alleles were identified alphabetically beginning with the most anodally migrating allele, designated as "A."
A total of 21 presumptive loci were analyzed; buffer systems, tissues and presumptive loci (enzyme abbreviations and Enzyme Commission numbers in parentheses) examined were as follows: LiOH pH 8.1 buffer (liver); general protein-1, -2 (GP-1, -2), superoxide dismutase (SOD; EC 1.15.1.1), glycyl-L-leucine peptidase (PEP-gl; EC 3.4.13.11), L-leucylglycylglycine peptidase (PEP-lgg; EC 3.4.11.4), esterase-1, -2 (EST-1, -2; nonspecific). Phosphate pH 6.7 buffer (liver); L-iditol dehydrogenase (IDDH; EC 1.1.1.14), aspartate aminotransferase-1, -2 (AAT-1, -2; EC 2.6.1.1), glycerol-3-phosphate dehydrogenase (G3PDH; EC 1.1.1.8). Tris-citrate pH 8.0 buffer (liver); glutamate dehydrogenase (GTDH; EC 1.4.1.2), glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49), alcohol dehydrogenase (ADH; EC 1.1.1.1). Tris-citrate pH 6.7 buffer (kidney and heart): isocitrate dehydrogenase-1, -2 (IDH-1, -2; EC 1.1.1.42), L-lactate dehydrogenase-1, -2 (LDH-1, -2; EC 1.1.1.27), malate dehydrogenase-1, -2 (MDH-1, -2; EC 1.1.1.37), malate dehydrogenase NADP+ (MDHP; EC 1.1.1.40).
A table of allele frequencies was constructed for all loci. The program BIOSYS-1 (Swofford and Selander 1981) was used for calculations of the allozyme data. Estimates of genetic variation for each population were determined including polymorphism (P, the proportion of loci that are polymorphic for which the most common allele has a frequency <0.95), allelic diversity (A, the mean number of alleles per locus), observed direct-count heterozygosity (H-obs, the mean proportion of all loci observed that were heterozygous per individual), and expected heterozygosity (H-W, the mean ex pected Hardy-Weinberg heterozygosity). Significant deviations from Hardy-Weinberg proportions were calculated using the Levene correction for small sample size in chi-square analyses. Coefficients of Rogers' (1972) genetic similarity were calculated from allele frequency data for all loci and all possible pairs of populations. Phenetic relationships among the populations were summarized as a phenogram obtained by subjecting the Rogers' similarity matrix to the UPGMA cluster analysis option of BIOSYS-1.
A smaller sample of specimens was analyzed for mtDNA restriction-site variation (Appendix). DNA was extracted from liver, muscle, or pellets recovered after homogenation of tissues for protein electrophoresis. Tissues were digested with Proteinase K, 20% SDS, and STE for 1 hour at 55 °C. DNA was purified using successive extractions with 5M NaCl, phenol : chloroform : isoamyl alcohol (24:24:1), and methylene chloride:isoamyl alcohol (24:1), and was precipitated with ethanol and resuspended in TE buffer (Politov et al. 2004 ).
An approximately 1200-base-pair (bp) region of the mtDNA control region (D-loop) was amplified from purified DNA by automated polymerase chain reaction (PCR; originally described by Saiki et al. 1988) . Amplification was accomplished utilizing primers (L15926 and H00651) and a modification of procedures described by Kocher et al. (1989) . The PCR reactions were performed in 100 μL volumes using 2 μL DNA, 5 μL of each 10 μM primer, 5 μL of 10 mM dNTP, 10 μL buffer (Kocher et al. 1989) , 37 μL 25 mM MgCl 2 , 5 units Taq polymerase (Cetus brand), and H 2 O. PCR was carried out in 35 cycles of denaturation at 94°C for 1 minute, annealing at 50 °C for 1 minute, and extension at 72 °C for 2 minutes.
Each amplified DNA sample was digested with 10 restriction enzymes, including AluI, BamHI, BfaI, DpnII, EcoRI, HaeIII, HhaI, HindIII, HinfI, and PstI. Each digest consisted of 10 μL amplified DNA, 3 units enzyme, 3 μL appropriate 10X enzyme buffer, 3 μL bovine serum albumin if needed, and H 2 O to a final 30 μL volume. Samples were digested for at least 4 hours at 37 °C and then run on an agarose gel (2.5%-3.0%) made with TBE buffer and to which ethidium bromide was added. Fragments were visualized under ultraviolet light and fragment sizes were determined by comparison with DNA size standards.
RESULTS
Nine allozyme loci were monomorphic across all samples including AAT-2, GP-1, IDH-2, LDH-1, MDH-1, MDH-2, MDHP, PEP-gl, and SOD. Twelve loci were polymorphic (Table  1) . Three loci (ADH, EST-2, IDDH) were fixed for different alleles among populations of the 3 species. Southwestern populations of M. montanus were fixed for unique alleles at 4 loci (ADH, EST-2, GP-2, IDDH), the population of M. mexicanus was fixed for unique alleles at 5 loci (ADH, EST-1, EST-2, G6PDH, IDDH), and the population of M. mogollonensis was fixed for unique alleles at 3 loci (ADH, EST-2, IDDH). The populations of M. mexicanus and M. mogollonensis were fixed for different alleles at 5 loci (ADH, EST-1, EST-2, G6PDH, IDDH). Among populations of M. montanus, most estimates of genetic variation were notably higher in the White Mountains population (Table 1) .
Within populations of M. montanus, 2 loci exhibited significant deviations from HardyWeinberg proportions including PEP-lgg in the Southern Rocky (χ 2 = 39.0, P < 0.001) and White (χ 2 = 39.0, P < 0.001) mountains and GTDH in the Jemez (χ 2 = 27.0, P < 0.001) and White (χ 2 = 39.0, P < 0.001) mountains. The populations of M. mogollonensis and M. mexicanus each exhibited significant deviations from Hardy-Weinberg proportions at 1 locus each, including LDH-2 (χ 2 = 8.9, P = 0.003) and GDH-1 (χ 2 = 19.1, P < 0.001), respectively. In all cases there was a heterozygote deficiency (coefficient of heterozygosity deficiency = -1.00).
Coefficients of Rogers' (1972) than it was to the population of M. mexicanus, and the population of M. mexicanus was the least similar compared with the other populations (Table 2 , Fig. 2 ). Among southwestern populations of M. montanus, populations from the Southern Rocky and Jemez mountains were most similar (Fig. 2) . No restriction sites were found within the 1200-bp segment of the mtDNA control region in any of the specimens for 6 restriction enzymes, including BamHI, BfaI, EcoRI, HindIII, HinfI, and PstI. All individuals of M. mogollonensis had a unique restriction fragment pattern for DpnII, while some individuals of all 3 populations of M. montanus had a unique restriction fragment pattern for HhaI. All individuals from the White Mountains population of M. montanus had unique restriction fragment patterns for AluI, DpnII, and HaeIII. There were 5 haplotypes: haplotype a was found in the population of M. mexicanus and in the populations of M. montanus from the Southern Rocky and Jemez mountains; haplotype b was found in the populations of M. montanus from the Southern Rocky and Jemez mountains; haplotypes c and d were found in the population of M. montanus from the White Mountains; and haplotype d was found in all individuals of M. mogollonensis (Table 3) .
DISCUSSION
In general, estimates of polymorphism and observed heterozygosity were lower than typically found in other mammals, including other species of Microtus (15% and 5% respectively; Johnson 1973, Gaines 1985) . However, polymorphism in the White Mountains population of M. montanus was higher than the average for mammals. Ditto and Frey (2007) found that for several montane small mammal species in the American Southwest, measures of genetic variation exhibited significant positive relationships with the area of montane coniferous forest habitat and significant negative relationships with the isolation of coniferous forest habitat "islands" from the Rocky Mountain "mainland" habitat area. In contrast to these general patterns, the smallest, most isolated population of M. montanus, the White Mountains population, had higher estimates of genetic variation compared to other populations (Table 4) .
Although Findley and Jones (1962) found a significant difference in size between M. montanus from the San Juan and Jemez mountains, little genetic differentiation was found between these populations. However, results of the allozyme and mtDNA analyses indicate that within southwestern populations of M. montanus, considerable genetic differentiation has occurred in the population from the White Mountains. The White Mountains population had 2 unique allozyme alleles and unique restriction sites for 3 restriction enzymes within the mtDNA control region that were not found in other populations of southwestern M. montanus, M. mexicanus, or M. mogollonensis species biogeography. The White Mountains population is separated from the Southern Rocky Mountains population by a further distance than is the population from the Jemez Mountains (Table 4 ). In addition, the White Mountains are also isolated by lower-elevation vegetation zones, which are increasingly unsuitable habitat for these voles. The White Mountains are isolated from the Rocky Mountains by a barrier of grama (Bouteloua)-galleta (Hilaria) steppe, while the Jemez Mountains are isolated by a barrier of juniper (Juniperus)-pinyon (Pinus) woodland (Küchler 1964 ; Table 4 ). For montane forest mammals, grasslands have been considered relatively harsh barriers to dispersal, while woodlands have been considered filters to contemporary dispersal (Lomolino et al. 1989) . The extreme isolation of the White Mountains population has allowed for considerable genetic differentiation of this population.
Both the allozyme and mtDNA data revealed considerable divergence of the White Mountains population relative to the other southwestern populations of M. montanus. This pattern of genetic divergence was concordant with the biogeography of the region. Thus, the evidence supports recognition of the White Moun tains population as a distinct subspecies, M. m. arizonensis, while the populations from the Jemez Mountains and Southern Rocky Mountains are referable to M. m. fuscus. Finally, both the allozyme and mtDNA data supported Frey and LaRue (1993) in recognizing M. mogollonensis as distinct from M. mexicanus. Frey and LaRue (1993) based this decision on both karyotypic (Judd 1980 , Modi 1987 and morphologic (Frey 1989) data. Results of this study indicate that populations of these species are fixed for different alleles at 5 allozyme loci and have different haplotypes for the mtDNA control region. In addition, the overall level of allozyme similarity between the populations of the 2 species was consistent with species-level differences among 9 species of Microtus, based on a similar suit of markers (Moore and Janecek 1990 
